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Ab initio study of Bi-based half Heusler alloys as potential thermoelectric prospects.
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We investigated six heavy element bismuth-based 18-VEC half-Heusler alloys CoTiBi, CoZrBi,
CoHfBi, FeVBi, FeNbBi, and FeTaBi by first principles approach, in search of better thermoelectric
prospects. The motivation is driven by expected lower thermal conductivity and the recent discov-
ery of CoZrBi-based materials. Significantly, our calculated power factor values of all the systems
show an increment of ∼40% in comparison to the reported p-type CoTiSb. We propose that doping
at Bi-site, on account of electronic features, will be helpful in achieving the proposed power factor
values. Interestingly, the thermal conductivity of CoTiBi and CoZrBi was found to be lower and
that of CoHfBi was almost parallel, in comparison to the reported CoTiSb. We also provide conser-
vative estimates of the figure of merit, exceeding the reported CoTiSb and comparable to FeNbSb.
Overall, our results suggest potential new candidates of bismuth-based ternary compounds for high
thermoelectric performance.
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I. INTRODUCTION
Half-Heusler (hH) alloys having 18 valence electron
count have been extensively studied over the past few
decades in search of better thermoelectric prospects for
harvesting the waste heat into electricity [1–3]. The
best performing hH alloys experimentally investigated
are stannides and antimonides of cobalt, nickel, and iron,
stuffed with the third element from group-IV or group-
V of the periodic table, e.g., MNiSn, MCoSb (M = Ti,
Zr, Hf) and MFeSb (M = V, Nb). The n-type MNiSn,
p-type MCoSb, and MFeSb based alloys are reported to
have impressive power factor values, however, the perfor-
mance is restricted by a high intrinsic thermal conduc-
tivity [4–6].
Notwithstanding that great progress has been made
in suppressing the thermal conductivity, it could be in-
teresting to investigate the bismuth-based analogues of
previously reported hH alloys; from the viewpoint of
lower thermal conductivity contribution from heavy el-
ements. While the Bi-doping has been used for improv-
ing the transport properties [7, 8], the Bi-based hH al-
loys have not been explored much. Certainly, it could
be challenging to synthesize the ordered compositions
of hH alloys with constituents of largely varying atomic
mass and melting points. Remarkably, some recent ex-
perimental investigations revealed hH alloys comprising
heavy atoms such as Ta and Bi, e.g., CoTaSn [9], CoZrBi
[10], and FeTaSb [11]. The discovery of CoZrBi based
hH alloys is compelling and could be a benchmark for
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the synthesis of other Bi-based hH alloys. Most impor-
tantly, the pristine CoZrBi was reported to have a much
lower thermal conductivity in comparison to the conven-
tional hH alloys [11]. Therefore, it would be of key impor-
tance to investigate the Bi-based hH alloys as potential
thermoelectric prospects. In this paper, utilizing ab ini-
tio approach, semi-classical Boltzmann transport theory,
and rigid band approximation, we theoretically investi-
gate the static and dynamical stability, and thermal and
electrical transport properties of new Bi-based hH alloys
CoTiBi, CoHfBi, FeVBi, FeNbBi, and FeTaBi in cubic
F 4¯3m symmetry; along with reported CoZrBi. The pa-
per is arranged as follows.
In Sec. II, we briefly discuss the computational details
of structural optimization, electronic structure, transport
properties, and approximations used. In Sec. III, we
discuss the results of structural optimization, static and
dynamic stability (phonons), electronic structure (band
structure and DOS), and electrical and thermal trans-
port properties. A summary of the paper is given in Sec.
IV. Throughout this paper, we use the term Co-group
for CoTiBi, CoZrBi, CoHfBi, and Fe-group for FeVBi,
FeNbBi, FeTaBi systems.
II. COMPUTATIONAL DETAILS
We used a combination of two different first-principles
density functional theory (DFT) codes: the full-potential
linear augmented plane wave method (FLAPW) [12]
implemented in Wien2k [13] and the plane-wave pseu-
dopotential approach implemented in Quantum Espresso
package [14]. The former has been used to obtain equi-
librium lattice constants, electronic structure, and trans-
port properties, and the latter to confirm the structure
2stability by determining the phonon spectrum.
The FLAPW calculations were performed using a mod-
ified Perdew-Burke-Ernzerhof (PBEsol correlation) [15]
implementation of the generalized gradient approxima-
tion (GGA). The Becke-Johnson potential [28] was used
for band structure calculations. For all the calculations,
the scalar relativistic approximation was used. We also
performed full relativistic calculations to see the effect of
spin-orbit coupling. Nonetheless, the spin-orbit coupling
has not much effect on the electronic structures close
to the Fermi level. Therefore, we performed electronic
structure calculations under scalar relativistic approxi-
mation for all the systems. The muffin-tin radii (RMTs)
were taken in the range 2.32–2.50 Bohr radii for all the
atoms. RMT × kmax = 9 was set as the plane wave cut-
off. The self-consistent calculations were employed using
125000 k -points in the full Brillouin zone. The energy
and charge convergence criterion was set to 10−6 Ry and
10−5 e, respectively.
The electrical transport properties have been calcu-
lated using the Boltzmann theory [16] and relaxation
time approximation as implemented in the Boltztrap
code [17]. The Boltztrap code utilizes input from Wien2k
code. The electrical conductivity and power factor are
calculated with respect to time relaxation, τ ; the See-
beck coefficient is independent of τ . The relaxation time
was calculated by fitting the available experimental data
with theoretical data. We have used this approach in
evaluating the electronic transport properties of our sys-
tems.
In the plane-wave pseudopotential approach, we used
scalar-relativistic, norm-conserving pseudopotentials for
a plane-wave cutoff energy of 100 Ry. The exchange-
correlation energy functional was evaluated within the
GGA, using the Perdew-Burke-Ernzerhof parametriza-
tion [18], and the Brillouin zone was sampled with a
20×20×20 mesh of Monkhorst-Pack k -points. The calcu-
lations were performed on a 2×2×2 q-mesh in the phonon
Brillouin zone.
The lattice thermal conductivity was obtained by
solving linearized Boltzmann transport equation (BTE)
within the single-mode relaxation time approximation
(SMA) [19] using thermal2 [20] code as implemented in
the Quantum Espresso package. We employed general-
ized gradient approximation (GGA) given by Perdew-
Burke-Ernzerhof (PBE) [18] for exchange-correlation
functional. We have chosen Troullier-Martins norm-
conserving pseudopotentials from the Quantum Espresso
webpage [21]. An energy cutoff of 100 eV was used for
the plane-wave basis set and Brillouin zone integration
was performed on a Monkhorst-Pack 20×20×20.
Table I. The optimized lattice constant a and band gap Eg
values of XYZ half-Heusler alloys (X = Co, Fe Y = Ti, Zr,
Hf, V, Nb, Ta, and Z = Bi) in cubic F 4¯3m symmetry.
System a (A˚) Eg (eV)
CoTiBi 5.9497 0.84
CoZrBi 6.1357 1.00
CoHfBi 6.1076 0.91
FeVBi 5.8603 0.48
FeNbBi 6.0130 0.64
FeTaBi 6.0077 0.97
III. RESULTS
A. Structural Optimization and Phonon Stability
The ground state properties of all the systems were cal-
culated by GGA-PBEsol implemented in Wien2k. The
approximation is reliable for calculating the ground state
properties [22]. The structure of hH alloys crystallize in
MgAgAs-type structure and can be seen as a stuffed com-
bination of rock salt and zinc blende structure [23]. The
structure of all six XYZ hH alloys was optimized in cu-
bic F 4¯3m symmetry, where X = Co, Fe, Y = Ti, Zr, Hf,
V, Nb, Ta, and Z = Bi. For optimization, fitted with
Birch-Murnaghan equation of state [24], the total energy
was minimized as a function of volume for each system.
The optimized lattice parameters and band gap values
are listed in Table I.
The calculated lattice parameter of CoZrBi is in fairly
good agreement with the experimental value of 6.18
A˚[10]. The trend of lattice parameter is consistent for
both Co-group and Fe-group, first increasing from first
to the second member, followed by a slight decrease in
the third member on account of lanthanide contraction.
Importantly, the band gap survives in all the cases and
the values range 0.4–1.0 eV, the lowest and highest values
are for FeVBi and CoZrBi, respectively. The calculated
band gap in case of CoZrBi is in agreement with previ-
ously calculated values [25]. No experimental band gap
value of CoZrBi is reported for comparison. Band gap
values are consistently increasing for Fe-group, however,
the band gap value of CoHfBi is slightly lower than the
CoZrBi. Nevertheless, the existence of band gap in all
the cases is more important as semiconductors are the
best choices for thermoelectric materials. Following this,
the optimized ground state structures were studied for
dynamic stability with phonon calculations.
Phonon calculations were performed by Quantum
Espresso – based on DFT and plane-wave pseudopoten-
tial method. It is a two-step procedure. The first step
is the optimization of ground state structure, followed
by the calculation of phonon dispersions utilizing density
functional perturbation theory (DFPT) implemented in
3Γ X W X Γ L
0
100
200
300
Fr
eq
ue
nc
y 
(cm
-
1 )
Γ X W X Γ L
0
100
200
300
Γ X W X Γ L
0
100
200
300
Fr
eq
ue
nc
y 
(cm
-
1 )
Γ X W X Γ L
0
100
200
300
Γ X W X Γ L
0
100
200
300
Fr
eq
ue
nc
y 
(cm
-
1 )
Γ X W X Γ L
0
100
200
300
(a) (d)
(b) (e)
(c) (f)
Figure 1. Phonon dispersion plots of a) CoTiBi, b) CoZrBi, c)
CoHfBi, d) FeVBi, e) FeNbBi, and f) FeTaBi in cubic F 4¯3m
symmetry.
Quantum Espresso. The calculations were performed on
2×2×2 mesh in the phonon Brillouin zone and force con-
stants in real space derived from this input are used to
interpolate between q points and to obtain the continu-
ous branches of the phonon band structure. For dynam-
ical stability, the phonon frequencies should be real and
not imaginary [26, 27]. We observe from Fig. 1 that all
the proposed systems have the real phonon frequencies
throughout the Brillouin zone, validating their dynamic
stability in cubic F 4¯3m symmetry. The survival of band
gap and dynamical stability of proposed systems prompt
us to investigate their electronic structure and transport
properties.
B. Electronic Structure
The electronic structures of all the proposed systems
were calculated by Becke-Johnson potential [28] imple-
mented in Wien2k. Figure 2 and 3 shows the electronic
band structure and density of states (DOS) of Co-group
and Fe-group, respectively. The valence band maximum
(VBM) of Co-group is located at Γ point for CoTiBi and
CoHfBi, and at L point for CoZrBi. The conduction
band minimum (CBM) of these systems is located at X
point. In case of Fe-group, the VBM and CBM of all
three systems are located at L point and X point, re-
spectively. Thus, all the systems are indirect band gap
semiconductors. The VBM of Co-group and Fe-group is
threefold and twofold degenerate, respectively. The de-
generacy plays an important role in governing the trans-
port properties. The combination of heavy and lights
bands at VBM facilitates the electrical transport proper-
ties on p-type doping. Where heavy bands improve the
Seebeck coefficient on account of heavy effective mass,
the light bands facilitates the mobility of charge carriers
[29–32].
In case of Co-group, the electronic structures of CoTiBi
and CoHfBi are quite similar in the valence band re-
gion and likely to exhibit similar transport properties.
The bands at VBM are relatively flat in CoZrBi as com-
pared to CoTiBi and CoHfBi, indicative of a higher See-
beck coefficient in CoZrBi. Interestingly, in the case of
CoZrBi, the energy difference between the VBM band
(L point) and VBM-1 band (Γ point) is only 0.004 eV.
Thus, both L and Γ points can almost equally contribute
to the charge carrier transport. The higher band degen-
eracy near the VBM suggests that CoZrBi could be a
more promising thermoelectric material as compared to
CoTiBi and CoHfBi. Further, the higher band degener-
acy near the VBM in CoZrBi could be responsible for a
higher power factor in comparison to well-known CoTiSb,
as noted by Zhu et al [10]. The electronic band structures
of Fe-group are quite similar. The resembling electronic
features of FeNbBi and FeTaBi can be attributed to the
similar sizes and chemical properties of Nb and Ta.
The DOS features show that the VBM of Co-group is
mostly populated by the d -states of Co and some states
from Y (= Ti, Zr, Hf). The CBM is almost equally
populated by the d -states of Co and Y atom in case of
CoZrBi and CoHfBi whereas the Ti-states mostly domi-
nate in case of CoTiBi. Similar to Co-group, the VBM of
Fe-group is mostly occupied by d -states of Fe and some
states from Y (= V, Nb, Ta) and the CBM is almost
equally occupied by d -states of Fe and Y atom. Notably,
no significant contribution was observed from Bi either
in VBM or CBM in all the systems, not shown for clarity.
This suggests that any doping at Bi-site for suppressing
the lattice thermal conductivity will be most effective as
it would not affect the underlying band structure much,
i.e., intact electrical transport properties.
This assertion may be validated by comparing the two
different experimental works on CoZrBi. Recently, Zhu et
al. doped CoZrBi at Bi-site by Sn and obtained impres-
sive power factor values. The room temperature power
factor value was reported to be 25 µW cm−1 K−2 and
the peak value obtained was 40 µW cm−1 K−2 [10]. On
the other hand, Ponnambalam et al. [33] reported low
power factor values when doped CoZrBi at Co-site by
Ni. As discussed, the doping at Co-site by Ni might have
altered the high band degeneracy near the VBM as Co-
states contribute mostly to it. Another possibility could
be the n-type doping contrary to the favorable p-type
doping, as predicted by electronic band structure.
Thus, we believe that the electrical transport proper-
ties of the proposed Bi-based hH alloys will be much im-
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Figure 2. Electronic bands and density of states of a) CoTiBi,
b) CoZrBi, and c) CoHfBi in cubic F 4¯3m symmetry. The top
of the valence band is taken as zero on the energy axis.
proved on p-type doping at Bi-site. The electronic bands
favorable for good transport properties in all the systems
correspond to the experimentally realizable doping levels,
as discussed in the next section.
C. Transport Properties
In this section, we calculate the transport properties of
six Bi-based hH alloys in cubic F 4¯3m symmetry. Ther-
moelectric efficiency of a material is determined by a di-
mensionless quantity called the figure of merit, given by
ZT = S2σT/κ(κ = κe+κl), where S is the Seebeck coef-
ficient, σ is the electrical conductivity, and κ is the ther-
mal conductivity comprising the electronic and lattice
parts [34–36]. Electrical transport coefficients S, σ, and
thereby S2σ, are calculated by Boltztrap code within the
rigid band approximation (RBA). Further, the constant
relaxation time approach (CRTA) is used for evaluat-
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Figure 3. Electronic bands and density of states of a) CoTiBi,
b) CoZrBi, and c) CoHfBi in cubic F 4¯3m symmetry. The top
of the valence band is taken as zero on the energy axis.
ing the transport coefficients. Within this approach, the
Seebeck coefficient is taken to be independent of relax-
ation time, τ , and electrical conductivity and power fac-
tor (PF), S2σ, are expressed with respect to the τ . The
RBA and CRTA have been used successfully by many
groups for theoretical designing of new thermoelectric
materials [37–41]. The thermal transport coefficient κe is
calculated by Boltztrap code whereas the κl is calculated
by thermal2 code implemented in Quantum Espresso.
We, before discussing our results on the proposed sys-
tems, corroborate our calculated values with the experi-
mentally reported CoZrBi. The increasing trend of calcu-
lated and reported Seebeck coefficient for p-type CoZrBi
is illustrated in Fig. 4a. The calculated S is of 0.24 p-
type doped CoZrBi whereas the reported S is of 0.20
p-type doped CoZrBi, i.e., CoZrBi0.80Sn0.20 [10]. Hole
doping of 0.24 per unit cell is the optimal doping level
obtained for attaining maximum PF. The calculated and
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Figure 4. a) Seebeck coefficient, b) Power factor, and d) ZT
as a function of temperature for calculated 0.24 p-type doped
CoZrBi and reported 0.20 p-type doped CoZrBi. c) Thermal
conductivity as function of temperature for calculated parent
CoZrBi, and reported parent CoZrBi and 0.20 p-type doped
CoZrBi.
reported optimal doping levels are in fairly good agree-
ment. The slight variation in values is accepted and likely
to vary with the experimental doping concentrations, as
discussed ahead. Our calculated values of S are slightly
underestimated as compared to the experimental ones.
This can be attributed to the varying calculated and ex-
perimental doping levels. Nevertheless, the trend of the
two plots is more important and encouraging for us.
Curiously, we compare our calculated PF values with
the experimentally reported values of CoZrBi. As was
mentioned, within the CRTA, the PF is generally ex-
pressed with respect to constant relaxation time. In or-
der to have a more realistic evaluation of PF values, in-
stead of presenting S2σ/τ , we present S2σ values utiliz-
ing a constant relaxation time, τ = 2×10−15 s, for all the
proposed systems. The chosen constant number is not
random, indeed, obtained by careful analysis of calcu-
lated and experimental values of electrical conductivity
of CoZrBi. The strategy has been helpful in our pre-
vious works. In a crude approximation, employing τ =
σexp/σcal, we found that τ was of the order of 10
−15 s
for CoTiSb and FeNbSb. Utilizing τ = 10−15 s for Co-
TiSb and τ = 2×10−15 s for FeNbSb, we obtained a nice
agreement between calculated and reported PF values.
The experimentally reported PF of p-type CoTiSb was
∼23 µW cm−1 K−2 at 850 K whereas our calculated value
was ∼20 µW cm−1 K−2 at 900 K [42]. Similarly, our cal-
culated PF of ∼40 µW cm−1 K−2 of p-type FeNbSb at
1100 K was close to the reported PF of ∼45 µW cm−1
K−2 at 1100 K [43].
Optimistic of our approach, in a similar manner, we
found that τ is of the order of 10−15 s for p-type CoZrBi
and we take a constant value of relaxation time, i.e., τ
= 2×10−15 s, to compare our calculated values with the
experiment. The increasing trend of PF as a function of
temperature for calculated and reported p-type CoZrBi is
depicted in Fig. 4b. Initially, the experimental PF values
dominate the calculated values, anyhow, the two plots
approach each other at higher temperature. Most im-
portantly, the trend of the two plots is same. The close
proximity at high temperature is further motivating as
we are interested in high temperature thermoelectric ap-
plications. Having obtained a reasonable agreement of
thermopower and power factor, next, we bring into com-
parison the calculated and reported thermal conductivity
of CoZrBi.
Figure 4c indicates the decreasing trend of thermal
conductivity as a function of temperature of calcu-
lated and reported parent CoZrBi, and reported p-type
CoZrBi. Total κ comprises two components κe and κl,
the former is obtained by Boltztrap code where the lat-
ter was obtained from Quantum Espresso code. The to-
tal κ is dominated by κl and is well-known for hH alloys
[44, 45]. It has been our observation in previous two
works that the κl values computed by thermal2 code for
ternary hH alloys are tenfold higher and we obtained a
nice agreement for CoTiSb [46] and FeNbSb [43]. Mak-
ing use of this observation, we obtain a nice agreement
between the calculated and reported κ of parent CoZrBi,
further substantiating our assumption. Unfortunately, as
of now, it was not possible for us to calculate the κ of
doped systems considering the expensive computational
requirements.
Therefore, we resort to utilizing κ of parent undoped
systems for the evaluation of ZT values (= S2σT/κ).
The numerator part, S2σ, is calculated for doped sys-
tems, albeit the κ of parent system is incorporated. Here,
we stress that our calculated ZT values are likely to be
underestimated as κ reduces with doping. This can be
seen from the reported κ of parent and doped CoZrBi,
Fig. 4c. At room temperature, the difference in the κ
values of parent and doped CoZrBi is significant but the
two plots approach each other in the high temperature
region. This suggests that our calculated ZT values may
not be far from the actual values and represent a more
realistic guess to the experimentalists.
The figure of merit ZT as a function of temperature is
shown in Fig. 4d. Inevitably, resembling the trend of PF,
the ZT values of reported p-type CoZrBi dominates our
calculated values. Yet again, the two plots approach each
other at high temperatures. Overall, we obtained a sat-
isfactory agreement of thermopower, power factor, ther-
mal conductivity, and ZT values between the calculated
and reported values of CoZrBi. The magnitude may vary
more or less, however, the trend of the two plots is more
6important to us. The deviations in magnitude are well
expected as our calculated values are for the pristine sys-
tem under ideal conditions, very unlikely to be the case
of experimental study. Further, our calculated values are
for p-type CoZrBi, in general, rather than considering
a particular atom for doping. The transport properties
may vary depending on the choice of dopant. Wu et al.
obtained a PF of 9 µW cm−1 K−2 at 850 K on 15% p-
type doping of Sb by Ge [47]. However, the same group
obtained a high PF of 23 µW cm−1 K−2 at 850 K on
15% p-type doping of Co by Fe [48]. This shows that at
the same working temperature and same doping levels,
the PF values may vary significantly depending on the
choice of dopant.
The above discussion and the agreement between our
calculated and reported values show the reliability of our
calculations and how realistic are the proposed values.
Moreover, our calculated values are very close to the ex-
perimental values in the high temperature range. This
is favorable for us as we are proposing our results for
the high temperature thermoelectric applications. Mo-
tivated by the corroboration between calculated and ex-
perimental values for CoZrBi, we proceed next to study
the transport properties of the proposed systems. We
justified the use of τ = 2×10−15 s as an appropriate con-
stant relaxation time for CoZrBi, hence, can be used for
the Co-group. We use the same value for Fe-group also.
This is because no experimental study is reported on Fe-
based bismuth containing hH alloys and we aid our pre-
vious work on FeNbSb, where we used the same value of
relaxation time [43].
The PF as a function of doping at 300, 700, and 1100 K
for Co-group and Fe-group, assuming τ = 2×10−15 s, is
shown in Fig. 5. The trend of PF is consistent in all the
systems, initially, the PF increases with either n-type or
p-type doping and then decreases gradually at high dop-
ing levels. However, p-type doping dominates in all the
cases. The trend can be understood in terms of the effect
of doping on Seebeck coefficient and electrical conductiv-
ity. Seebeck coefficient is large and electrical conduc-
tivity is low when the Fermi level is near the middle of
the band gap. On either type of doping, the Fermi level
moves toward valence band or conduction band leading
to decrease of Seebeck coefficient, on the other hand, the
electrical conductivity increases as the carrier concentra-
tion increases with doping.
The two conflicting trends of Seebeck coefficient and
electrical conductivity demands an optimal doping con-
centration at which the maximum PF can be obtained.
Generally, such a doping level is found close to the band
edge. This is what we have observed in all cases. The
prediction of optimal doping levels enables the experi-
mentalist to target a specific range of doping levels while
exploring new materials.
The PF values at 300 K are the lowest and the values
improve with temperature, i.e., the highest values are ob-
tained at 1100 K. Our motive is to study the proposed
hH alloys for high temperature thermoelectric applica-
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Figure 5. Power factor as a function of doping of XYZ half-
Heusler alloys (X = Co, Fe, Y = Ti, Zr, Hf, V, Nb, Ta, and
Z = Bi) at 300, 700, and 1100 K in cubic F4¯3m symmetry,
assuming relaxation time τ = 2×10−15 s. The ‘+’ and ‘–’
signs on the horizontal axes represent the hole and electron
doping, respectively.
tions, here onwards, we focus on the values at 1100 K.
The transport properties of Co- and Fe-based hH alloys
are experimentally reported at high temperatures such as
900–1100 K which suggests that these alloys may sustain
such high temperatures [49–51]. At 700 K, an interesting
observation for FeTaBi is the comparable values of PF
at both p-type and n-type doping. Ideally, for a good
thermoelectric performance, both p-type and n-type legs
of a thermoelectric module should be of same or similar
materials, which is rare [52]. This suggests the potential
of FeTaBi at 700 K as both p-type and n-type thermo-
electric material.
At 1100 K, in Co-group, the PF of CoZrBi is higher
than both CoTiBi and CoZrBi on account of high band
degeneracy. Surprisingly, the values of CoTiBi and Co-
HfBi are not far behind. This can be attributed to their
high electrical conductivity as compared to CoZrBi, Ta-
ble II. For Fe-group, as anticipated, the PF values of
FeVBi, FeNbBi, and FeTaBi are quite similar on account
of almost identical electronic features, as discussed in the
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Figure 6. Calculated thermal conductivity as a function of
temperature of XYZ half-Heusler alloys (X = Co, Fe, Y =
Ti, Zr, Hf, V, Nb, Ta, and Z = Bi) in cubic F4¯3m symme-
try. The reported thermal conductivity of parent CoTiSb,
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Inset shows the calculated lattice thermal conductivity as a
function temperature of the proposed systems. The circles
and diamonds represent parent and doped compositions, re-
spectively.
previous section. The PF values of CoTiBi, CoHfBi, and
Fe-group are almost competitive to CoZrBi which sug-
gests the thermoelectric potential of the proposed sys-
tems. It will be interesting to see whether the thermal
conductivity of the proposed systems is as low as that of
CoZrBi.
Figure 6 shows the decreasing trend of thermal con-
ductivity as a function of temperature for Co-group and
Fe-group, along with the reported thermal conductivity
of parent CoTiSb, FeNbSb, CoZrBi, and p-type CoZrBi.
The inset shows the dominance of lattice thermal conduc-
tivity in total thermal conductivity. The calculated κ of
CoZrBi is in good agreement with experimental values, as
discussed earlier. The lowest and highest values of κ are
obtained for CoZrBi and FeTaBi, respectively. Interest-
ingly, the calculated κ values of Co-group are lower than
those of Fe-group. Recently, κ of CoZrBi is reported to be
much lower than the existing hH alloys such as CoTiSb,
CoZrSb, and FeNbSb [10]. Our calculated κ of CoTiBi
and CoZrBi is lower and the κ of CoHfBi almost parallel,
in comparison to reported CoTiSb [48] and FeNbSb [53].
Unfortunately, the κ of FeNbBi and FeTaBi is higher
than that of reported CoTiSb and FeNbSb. However,
the κ of FeVBi is close to the existing hH alloy CoTiSb.
Importantly, the κ of CoZrBi is almost twofold lower and
that of CoTiBi is ∼1.3 times lower than the reported Co-
TiSb at room temperature. It is noteworthy that the κ
of reported CoZrBi shows a significant reduction at p-
type doping. Likewise, the other systems are supposed
to have lower κ on doping and thereby, the higher ZT
values. Incorporating the κ of parent systems in ZT for-
mula (=S2σT/κ), next, we discuss the actual figures of
transport coefficients and their analysis.
Table II presents the optimal doping levels at which
maximum PF is obtained. The corresponding values of
PF, S, and ZT are also listed in Table II. For comparison,
the reported values of CoTiSb [48] and FeNbSb [51] are
also included. The optimal doping levels range 0.20–0.25
hole doping per unit cell. The proposed doping levels are
quite pragmatic and could be achieved experimentally.
For instance, 0.20 hole doping can be achieved either by
replacing 20% Bi by Sn or 20% Ta by Ti, etc. Wu et
al. [48] achieved high doping of 42% in CoTiSb, i.e.,
Co0.572Fe0.428TiSb, whereas Zhu et al. [10] reported a
doping of 35% in CoZrBi. Hence, we believe that our
proposed optimal doping levels are achievable.
The Seebeck coefficient values range 159–182 µV K−1
whereas the electrical conductivity values are in between
1.24–1.54×103 S cm−1. The calculated S values of all
the systems are higher than that of reported p-type Co-
TiSb, however, the values are lower than the reported p-
FeNbSb. Nevertheless, the high Seebeck coefficient value
of CoZrBi (182 µV K−1) can be attributed to its high
band degeneracy near the valence band maximum. Im-
portantly, the PF of all the proposed systems is higher
than that of reported CoTiSb. The highest PF value re-
ported for p-type CoTiSb is 23 µW cm−1 K−2 [48]. We
find that our calculated values of PF of all the systems are
∼40% higher than that of p-type CoTiSb, which is a sig-
nificant number. Remarkably, the PF of p-type CoZrBi
is ∼47% higher than that of reported p-type CoTiSb.
The calculated PF values are not much behind from the
reported p-type FeNbSb. This suggests the thermoelec-
tric potential of the proposed systems as p-type FeNbSb
is reported to have the highest ZT among the hH alloys
[45].
Focussing on the figure of merit, the obtained ZT val-
ues at 1100 K range 0.71–1.53 which are again higher
than that of reported p-type CoTiSb. The maximum ZT
value obtained is 1.53 at 1100 K for p-type CoZrBi, fol-
lowed by 1.12 and 0.98 for p-type CoTiBi and CoHfBi,
respectively. The ZT of p-type CoTiBi and CoZrBi are
higher than the reported p-type FeNbSb. The ZT values
of Fe-group, as expected, are lower than that of Co-group.
Nevertheless, the values are still a significant number.
We stress that the proposed values are slightly underes-
timated on account of κ of undoped systems. We believe
that CoTiBi and CoHfBi are likely to be as promising as
CoZrBi whereas the figure of merit of FeVBi and FeNbBi
may reach unity, provided κ of doped systems is consid-
8Table II. Calculated optimal doping levels and the corresponding Seebeck coefficient, electrical conductivity, power factor, and
figure of merit of p-type XYZ half-Heusler alloys (X = Co, Fe, Y = Ti, Zr, Hf, V, Nb, Ta, and Z = Bi) at 1100 K, assuming τ
= 2 x 10−15 s. The reported values of CoTiSb at 850 K and FeNbSb at 1100 K are taken as reference. ‘+’ indicates the p-type
doping.
System n S σ S2σ ZT
(e/uc) (µV K−1) (x 103 S cm−1) µW cm−1 K−2
CoTiSb [48] +0.15 153 - 23.00 0.45
CoTiBi +0.25 170 1.34 39.06 1.12
CoZrBi +0.24 182 1.24 43.38 1.53
CoHfBi +0.22 162 1.48 39.26 0.98
FeNbSb [51] +0.20 203 - 45.80 1.1
FeVBi +0.23 165 1.38 38.36 0.81
FeNbBi +0.21 159 1.54 39.20 0.71
FeTaBi +0.20 159 1.52 38.67 0.64
ered.
We have successfully demonstrated that Bi-based hH
alloys could be potential thermoelectric materials. As
Bi-based hH alloys have not been much explored until
recently, we hope that our findings will motivate further
experimental studies. We are aware that theoretical pre-
dictions of new materials are relatively easier while ex-
perimental realization could be challenging as well as ex-
pensive. Therefore, both thermodynamic and dynamic
stability of the proposed systems becomes crucial. Our
calculations indicate the dynamic stability of all the pro-
posed systems. According to the Open Quantum Mate-
rials Database (OQMD) [54, 55], CoTiBi and CoHfBi are
thermodynamically stable, however, the thermodynamic
stability of FeVBi, FeNbBi, and FeTaBi is questionable.
It should be noted that our proposed values are for p-
type doped systems instead of the parent composition.
Although thermodynamic stability of parent composi-
tion suggest instability, the possibility of fabricating the
doped systems cannot be completely ruled out. CoVSn is
predicted to be thermodynamically unstable [9, 54, 55],
however, Lue et al. [56] experimentally shown that the
material can be produced, at least with partial atomic
ordering. Interestingly, they have shown the properties
of CoVSn are closely related to the hH alloy. Therefore,
we are of the opinion that optimizing the experimental
conditions may be helpful in achieving the doped com-
position of Fe-group, if not the parent composition.
D. Summary
Bismuth-based half-Heusler alloys CoTiBi, CoZrBi,
CoHfBi, FeVBi, FeNbBi, and FeTaBi are theoretically
investigated. The electronic features suggest the p-type
doping at Bi-site will be more favorable for obtaining
high power factor values. At 700 K, FeTaBi shows sim-
ilar power factor values on either p-type or n-type dop-
ing. Interestingly, at 1100 K, all the systems were found
to have better power factor values than the reported p-
type CoTiSb and almost competitive to that of p-type
FeNbSb. The room temperature thermal conductivity of
CoTiBi, CoZrBi, and CoHfBi is ∼13, 10, and 15 W m−1
K−1, respectively, in comparison to thermal conductivity
of ∼17 W m−1 K−1 of CoTiSb. The maximum figure of
merit obtained is 1.53 at 1100 K for p-type CoZrBi, fol-
lowed by 1.12 and 0.98 for p-type CoTiBi and CoHfBi,
respectively. We hope that our findings on bismuth-based
half-Heusler alloys, suggesting a good thermoelectric po-
tential, would serve as a base for experimental study.
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